P
icornaviruses are ubiquitous viruses that commonly infect humans, as well as a wide range of other animal species (1). They cause a broad spectrum of disease, from minor febrile illness to myocarditis, meningitis, encephalitis, and paralysis. Much of the early research characterizing the biological and pathogenic properties of human picornaviruses was performed in the mid-20th century, using nonhuman primates (NHP), most commonly rhesus macaques, which had been imported from South Asia as biomedical models. Recently, renewed interest has focused on NHPto-human transmission of enteroviruses (EV), stemming from the finding that some enterovirus serotypes associated with disease in humans closely resemble serotypes found in NHP from South Asia (2) . It is important to determine whether NHP could be reservoirs for picornaviruses that cause severe disease in human populations.
Picornaviruses are small viruses with a single-stranded RNA genome (3) . In humans, infection occurs through the fecal-oral route. After an incubation period of 4 to 7 days, clinical illness, which is mild in the overwhelming majority of cases, may develop (4) . Enteric picornaviruses are typically shed in stool for 4 to 8 weeks postinfection (5) . Prolonged shedding of the virus in asymptomatic individuals occurs rarely. Individuals who recover from infection are thought to have developed long-lasting immunity to the specific picornavirus serotype that had infected them.
Recent data suggest that, at least in captive populations of NHP, enteroviral serotypes may persist for years. This is based on a study done at the Yerkes National Primate Research Center, Atlanta, GA, on fecal samples from 56 NHP with diarrhea, which detected a high prevalence of known simian and previously undescribed enteroviruses but no known human enteroviruses (6) . It is likely that either these persistent serotypes circulate within a colony and evolve over time or multiple strains of each type were introduced to the colony at different times. Perhaps individual NHP can maintain infection over long periods or can be reinfected with a given serotype, or both.
The current study focuses on picornaviruses that were detected in NHP at the Dhaka Zoo. This sample population was part of a larger project designed to characterize the picornavirus pathogen landscape among NHP in Bangladesh during the period 2007 to 2008. Here we present data characterizing the prevalence of picornaviruses in a captive population comprising multiple species of NHP, surveyed at multiple time points, focusing on whether the picornaviruses resemble known human serotypes or serotypes characteristic of NHP. This study complements our research for this project, characterizing enteroviruses found in free-ranging NHP in Bangladesh during the same period (7).
MATERIALS AND METHODS
Study site and sample collection. A total of 83 fecal specimens, representing nine NHP taxa, were collected at the Dhaka Zoo. Dhaka Zoo, located 16 kilometers from the center of Dhaka, was established in 1974 and houses, in very basic conditions, fauna native to the region and exotic . The NHP species that was in the cage at the time of sampling is shown. The number of positive samples, if Ͼ1, is shown in parentheses. neg, picornaviruses were not detected; n.d., no samples were collected. Simian picornavirus serotypes are noted in red and human picornavirus serotypes in blue. In several fecal samples, both human and simian picornavirus serotypes were detected and are indicated by a plus sign. species from around the world. Tens of thousands of local visitors arrive each day. It is common to observe visitors reaching out to touch and offer food to the animals, particularly the NHP.
The Dhaka Zoo collection of NHP contains both species that are naturally distributed in Bangladesh (e.g., rhesus macaques, pigtail macaques, capped langurs, and hoolock gibbons) and exotic species of NHP from Africa, including olive and hamadryas baboons, mandrills, and golden mangabeys. Information about their origins or the dates on which these NHP entered the zoo was not available. However, it was known that wildcaught rhesus macaques were occasionally brought into the zoo and introduced into cages that already contained rhesus macaques.
The NHP sampled at the Dhaka Zoo were housed in three groups ( Building on a study designed to characterize the picornavirus pathogen landscape among NHP in Bangladesh (7), we initiated a limited collection of NHP fecal specimens from the zoo in August 2007. This was followed up with the collection of fecal samples from all available NHP at the zoo during a single afternoon in January 2008 and in June 2008 (Table 1) . January typically marks the low season for enterovirus circulation among humans in Bangladesh, and June marks the high season.
Fecal material was collected only from freshly deposited stools. Specimens were kept cold and immediately frozen upon return from the field. Samples were stored at Ϫ20°C until shipped on dry ice to Atlanta, GA, for analysis.
Laboratory testing. RNA was extracted directly from 10% (wt/vol) stool suspensions as described previously (8) and tested for enterovirus (EV), parechovirus (PeV), and sapelovirus by genus-specific TaqMan real-time reverse transcriptase (RT-PCR) assays, targeting the 5= nontranslated region (5= NTR) (9-11); assay details are described in reference 7.
Genus-specific, real-time PCR-positive specimens were confirmed by nested or seminested RT-PCR targeting a portion of the genome region encoding the VP1 capsid protein, followed by amplicon sequencing (8, 12) . Virus type identity was determined by comparison of the VP1 amplicon nucleotide and deduced amino acid sequences with the VP1 sequences of all the reference strains for each virus genus by script-driven sequential pairwise comparison using the program Gap (Wisconsin Sequence Analysis Package, version 11.0; Accelrys, Inc., San Diego, CA) as described previously (8) . For viruses which appeared to represent unique virus types (Ͻ75% nucleotide identity to all known types), complete VP1 sequences were determined and analyzed as described previously (13) . If the complete VP1 sequences were still distinct from all known types, the sequence was forwarded to the Picornaviridae Study Group of the International Committee for the Taxonomy of Viruses for registration of a new type. VP1 nucleic acid sequences were aligned using the Pileup program (Wisconsin Package), and phylogenetic relationships were inferred by the neighborjoining method implemented in MEGA version 4.0 (14) using the Kimura two-parameter method (15) . Regions containing alignment gaps were omitted from the analysis. Support for specific tree topolo- gies was estimated by bootstrap analysis with 1,000 pseudoreplicate data sets. Nucleotide sequence accession numbers. The sequences described here have been deposited in the GenBank sequence database under the accession numbers JX537975 to JX538032.
RESULTS
A total of 83 fecal samples from nine NHP species were collected and analyzed for this study ( Table 1) . Four of the NHP species, rhesus macaque, pigtail macaque, hoolock gibbon, and capped langur, are native to Bangladesh, but the provenance of the individual animals sampled for this study is unknown. Figure 1 shows cage locations and species represented at the January 2008 and June 2008 time points. Though the species contained in most cages remained unchanged between January 2008 and June 2008, we were unable to ascertain whether movement of individual animals had occurred between the two time points. The greatest number of samples were collected from the cages of rhesus macaques (41% of samples), followed by capped langurs (13%) and olive baboons (12%) ( Table 1) .
Genus-specific real-time PCR assays were used to directly screen RNA from fecal extracts for three human and simian enteric picornavirus genera (Enterovirus, Parechovirus, and Sapelovirus). Overall, picornaviruses were detected in 4 of 9 (44%) samples from August 2007, 23 of 38 (61%) samples from January 2008, and 25 of 36 (69%) samples from June 2008 ( Table 2) . Among these 52 fecal samples, Ն10 distinct picornavirus serotypes were detected (Table 3) . Two of these serotypes, baboon enterovirus (BaEV) and simian virus 19 (SV19), have been solely associated with infection in NHP. The seven BaEV sequences were 90.2 to 100% identical to one another (92.9 to 100% amino acid identity) and 80.4 to 82.5% identical to the prototype BaEV strain (Fig. 2A) . Similarly, the SV19 strains detected in 15 rhesus fecal samples were 90.1 to 100% identical to one another (91.2 to 100% amino acid identity) and 74.2 to 82.5% identical to other SV19 strains. The Bangladesh monkey SV19 sequences cluster with one another and separately from SV19 strains detected in an NHP research colony in the United States ( Fig. 2A) . Nineteen viruses were 93.1 to 100% identical to one another and only 70.5 to 73% identical to viruses in the SV6 group (proposed species "Enterovirus J," forming a monophyletic cluster [ Fig. 2B ], suggesting they comprise a new type in EV-J) (http://www.picornastudygroup.com /proposals/2011/psg_proposals_2011.htm); these viruses have been assigned to a new type, EV115. The other 11 divergent viruses were 88.5 to 100% identical to one another and no more than 66% identical to any other serotype, forming a unique cluster of a new type, EV112, which may also be a member of EV-J (Fig. 2B) . A more detailed characterization is needed to determine if EV112 should be classified as a member of EV-J or if it represents a new Enterovirus species (http://www.picornaviridae .com/enterovirus/unassigned/ev_unassigned_seq.htm). Three serotypes, EV112, EV115, and SV19, accounted for nearly 88% of all picornaviruses detected. Four of the serotypes detected in January 2008 persisted in June 2008 (Fig. 3) . EV115 and SV19 were present at all three time points. Prevalence of infection was highest among the baboons, where 100% of the olive and hamadryas samples were positive. Among the rhesus macaques, 31 of 34 (91%) samples were positive for a picornavirus. In contrast, we detected no picornaviruses in samples from capped langurs or vervet monkeys.
Only 8 of the 64 (12.5%) enteroviruses detected in the zoo NHP were viruses that have been detected in humans. The most common human enterovirus was echovirus 24 (E24), with four detections in four NHP species at one time point (Fig. 3) . Additionally there were four single EV detections (coxsackievirus A20 [CVA20], CVA22, E21, and the poliovirus type 3 (PV3) Sabin vaccine strain) ( Table 3 and Fig. 2C and D) . This finding is in stark contrast to what we detected among synanthropic NHP in Bangladesh, where 100% of the enteroviruses detected were also known to be circulating in the human population (7). Three parechoviruses were detected by real-time RT-PCR, two in mandrills and one in a pigtail macaque, at two different time points (Tables 2 and 3 ). Parechovirus VP1 PCR was negative, so we were unable to type these viruses. Simian sapelovirus was not detected in any of the NHP fecal samples.
DISCUSSION
The majority of picornaviruses detected (53/64; 83%) in the zoo population were simian viruses, all of which were detected at more than one time point. In contrast, the 8 human EV types each appeared at only one time point. Numerous studies, mostly in the older literature, have identified simian EV in a wide range of NHP species (reviewed by reference 16). Several Asian monkey species have been shown to be experimentally infectible with coxsackie B viruses and certain other human enteroviruses (17) (18) (19) , and there are a few recently documented detections of human picornaviruses in NHP (20) (21) (22) .
We recently identified simian enteroviruses in rhesus and pigtail macaques in a research colony (6) . The intratypic genetic diversity among the zoo viruses (up to 11.5% nucleotide sequence difference) suggests that simian EV circulate continuously among NHP in the Dhaka Zoo. In this study, the diversity among the research colony viruses suggested long-term circulation in the colony, rather than a single point source outbreak (6) . Both of these captive environments apparently provide favorable conditions for continued circulation of enteric picornaviruses. It is unknown whether the viruses persistently infect individual captive NHP or the simian viruses are constantly retransmitted within the colony.
Three parechoviruses were detected in two NHP species in the Dhaka Zoo population, but none of these viruses were successfully typed. Two of the three PeV were detected at a single time point from NHP sharing a cage and are likely the same type. The pattern of high simian EV detection and low human EV type detection in the zoo NHP population may be reflected with the PeV as well. No exclusively simian PeV are currently known, but the study of PeV and reliable assays to detect them are recent developments. Synanthropic NHP had a higher in-cidence of PeV detection, and all of the typeable NHP PeV were of known human PeV types (7) . It is somewhat unexpected that simian sapeloviruses were not detected in the zoo NHP, as they have been detected in the past in the same species and contexts as the simian enteroviruses. Unlike our assays for the other picornaviruses, which have been extensively optimized and validated (8-10, 12, 23) , our sapelovirus assay is limited by the small number of available sequences from which to design primers and probes and the lack of a good collection of clinical material for assay validation (11) .
Enterovirus seasonality in the human population is less pronounced in tropical and subtropical regions than in temperate climates, with peaks generally corresponding to the wet season. This pattern was mirrored in free-ranging Bangladeshi NHP that we sampled in 2007 and 2008, in which prevalence rose from 6% during the dry season to 14% during the wet season (7). In contrast, the prevalence of picornaviruses remained significantly higher among NHP at the Dhaka Zoo (mean, 62%), with no obvious seasonality. Further studies are needed to assess the role of simian picornaviruses in the health of captive NHP and their potential zoonotic transmission to humans.
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